The longitudinal-mode stability of a single-frequency intracavity frequency-doubling laser can be enhanced by increasing the ratio between the nonlinear spectral bandwidth and the gain bandwidth of the laser. A 4 W long-term stable cw single-frequency green laser is obtained using an etalon inside the laser cavity as a spectral filter. No mode hopping is observed when the laser operates for 6 h and the power fluctuation is less than Ϯ1.2%. In contrast, in the situation of no etalon inside the laser cavity, mode hopping can be observed at irregular intervals and the power fluctuation is Ϯ3.8% when the laser operates for 4 h.
Introduction
Stable single-frequency lasers are important for highresolution laser spectroscopy and precision metrology [1] [2] [3] . Several techniques have been developed to obtain single-frequency operation of lasers. Among them the unidirectional ring laser geometry is a robust and successful technique. High-power single-frequency green lasers using the ring cavity geometry have been reported by several groups [4 -7] . To obtain a stable single-frequency laser, an etalon was inserted into the cavity to confine oscillation to the 1064 nm line [4] or 1061.4 nm line [5] and to prevent oscillation on other lines. In all of the above studies, however, the influence of ␥ (the ratio between the nolinear spectral bandwidth of the nonlinear crystal and the gain bandwidth of laser crystal) responsible for the mode stability was not considered. Recently, this kind of influence was investigated theoretically by Greenstein and Rosenbluh [8] . In a high-power intracavity frequency-doubling laser of single-frequency operation, the nonlinear conversion is a dominant loss for the fundamental wave. When the value of ␥ is less than a certain value, at certain wavelengths the nonlinear loss due to sumfrequency generation will be very small, and it might be that at these wavelengths the net gain is not depleted by the nonlinear loss and becomes positive, thus leading to multimode oscillation or mode hopping [8] .
In this paper, we use an etalon of proper finesse and free spectral range (FSR) inside the cavity of a highpower intracavity frequency-doubling laser as a spectral filter to increase the value of ␥; the multimode oscillation and the mode hopping are suppressed. Four watts of long-term stable single-frequency output at 532 nm is obtained.
Theory Analysis and Design of the Laser
For an intracavity frequency-doubling laser of singlefrequency operation, the nonlinear conversion is a considerable loss for the fundamental wave. If one wants to obtain a long-term stable laser without multimode oscillation or mode hopping, the following equations should be satisfied [8] :
where i,j ϭ i,j ͞⌬ g ; i and j are the wavelength of lasing and nonlasing modes, respectively; ⌬ g is the gain bandwidth; ␥ ϭ ⌬ NL ͞⌬ g ; ⌬ NL is the nonlinear spectral bandwidth; G is the net gain; g 0 is the small signal gain factor; l is the length of the gain medium; ␣ ϭ L͑͞2g 0 l͒; L is the total round-trip linear loss at the fundamental; ϭ ͑KS 0 ͒͑͞4g 0 l͒; K is the factor of nonlinear conversion; S 0 is the saturation power; and S is the fundamental power.
Using the parameters of our laser ͑L ϭ 4.72%, g 0 l ϭ 0.1553P in , S 0 ϭ 0.136, and ϭ 0.0094͞P in , where P in is the incident pump power) and Eqs. (1a) and (1b), the phase diagram ( Fig. 1 ) for laser operation can be obtained. The area above the curve is the phase space in which the laser can operate in a single-longitudinal mode, whereas under the curve the laser operates in a multimode regime. It can be seen that for single-longitudinal-mode operation, the minimum allowed ␥ value is increased when the incident pump power increases.
In the laser we designed, Nd:YVO 4 crystal and LiB 3 O 5 (LBO) crystal are used as the gain medium and nonlinear material, respectively. The gain bandwidth of the Nd:YVO 4 crystal is 255 GHz. The bandwidth-length product of the LBO is 226 GHz cm for second-harmonic generation under noncritical phase-matching conditions at 1064 nm. For a 1.8 cm length of LBO, the spectral bandwidth is 125 GHz and ␥ will be 0.493. According to the calculation (Fig.  1) , it can be seen that when the maximum incident pump power is 15 W the laser can single-frequency operate stably. If we want to get a long-term stable laser of single-frequency operation at high pump power, some element should be used inside the cavity to narrow the gain bandwidth and increase the value of ␥. As an example, when the pump power is 25 W (the maximum pump power of our pump source), ␥ should be 0.54, which can be obtained by inserting an etalon of proper finesse and FSR inside the cavity as a spectral filter.
In our experiment, an uncoated silica quartz plate with a thickness of 0.3 mm was used as the etalon so that the finesse (F) is 0.6 and the FSR is 343 GHz. The effective gain bandwidth with the etalon in the laser cavity is given by [9] 1
where is the nonlinear conversion loss. Using the parameters of our laser (at a pump power of 25 W) and Eq. (2), the effective gain bandwidth is 130 GHz and ␥ is 0.96. Using this etalon inside the laser cavity, a long-term stable laser of single-frequency operation can be obtained at high pump power.
Experimental Setup and Results
The laser configuration is shown in Fig. 2 . An 8-shaped ring resonator formed by four mirrors is designed. The input coupler M1 is a plane mirror with high reflection at 1.064 m and antireflection at 808 nm; the cavity mirror M2 is a plane mirror with high reflection at 1.064 m; M3 is a plano-concave mirror with high reflection at 1.064 m and a radius of 100 mm; and the output coupler M4 is a planoconcave mirror with high reflection at 1.064 m, high transmission at 532 nm, and a radius of 100 mm. The optical length between M3 and M4 is 120 mm and the rest of the optical length of the resonator is 390 mm so that the resonator stable condition of |A ϩ D| Յ 2 can be satisfied. A 25 W fiber-coupled laser diode is used as the pump source. The diameter of the coupled fiber is 400 m and the numerical aperture is 0.20. The laser diode beam is focused onto the Nd:YVO 4 crystal by the telescope system with a transmission efficiency of 94%. The dimensions and the Nd-doping concentrations of the a-cut Nd:YVO 4 crystal are 3 mm ϫ 3 mm ϫ 8 mm and 0.3 at. %, In the case of no etalon in the laser cavity, when the pump power is less than 15 W, a stable singlefrequency laser can be achieved. The transmission intensity of the scanning confocal F-P interferometer is shown in Fig. 3 ; it indicates that the laser is in single-longitudinal-mode operation. When the pump power is increased, multimode oscillation and mode hopping of the laser can be observed. Figure 4 is the laser output power stability at the pump power of 23.5 W, and the power fluctuation is Ϯ3.8% when the laser operates for 4 h. It can be seen that the fluctuation of the output power is larger and some step changes occur at irregular intervals. This can be explained by the fact that the value of ␥ is not large enough and the net gain of the nonlasing mode is not depleted by the nonlinear loss and becomes positive, so that the nonlasing mode cannot be suppressed and multimode oscillation or mode hopping of the laser occurs.
Then, the etalon we designed is used as a spectral filter in the laser cavity. It is ensured that the etalon Fig. 3 . Transmission intensity of the scanning confocal F-P interferometer; it indicates that the laser is in single-longitudinalmode operation. resonance coincides with the laser cavity resonance at the peak of the gain curve by adjusting the temperature of the etalon to 40.2°C. A long-term stable cw single-frequency green laser is obtained. The curve of the output power versus pump power is shown in Fig. 5 . The maximum output power is 4 W at a pump power of 23.5 W. It can be seen that the output power increases monotonously with the input power. Figure 6 is the laser output power stability at a pump power of 23.5 W. The power fluctuation is less than Ϯ1.2% when the laser operates for 6 h and no mode hopping is observed. The beam quality M 2 of the green laser is measured by a ModeMaster (Coherent Inc.). The measured values of M x 2 and M y 2 are 1.09 and 1.15, respectively.
Conclusion
In summary, a long-term stable intracavity frequencydoubling Nd:YVO 4 laser of single-frequency operation has been obtained by inserting an etalon of proper finesse and FSR inside the cavity as a spectral filter to increase the ratio between the nonlinear spectral bandwidth of the nonlinear crystal and the gain bandwidth of the laser crystal. The maximum output power of the single-frequency green laser was 4 W, the power fluctuation was less than Ϯ1.2% when the laser operated for 6 h, and no mode hopping was observed. In contrast, in the situation of no etalon inside the laser cavity, mode hopping can be observed at irregular intervals and the power fluctuation is Ϯ3.8% when the laser operates for 4 h.
